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Abstract

In this study, a new phase boundary was successfully established in (1-x)(K; 4sNag 45Lig 4)(Nbg 95Sbg ¢5)O05 —xBi, 5K sHfO;
(KNLNS—xBKH) ternary ceramics. Changes in phase structure were verified by the X-ray diffraction (XRD) analysis and
Raman scattering measurements of KNLNS—xBKH with varying x contents. The results indicate that KNLNS—xBKH
exhibits an orthorhombic phase (Amm2) at x=0, a mixed orthorhombic-tetragonal phase (4dmm?2+ P4mm) at x=0.01-0.02,
a mixed rhombohedral-tetragonal (R-T) phase (R3m+ P4mm) at x=0.03—0.04, and ultimately to a single rhombohedral
phase (R3m) at x=0.05. Under optimal conditions, the (1-x)KNLNS—xBKH ceramics demonstrated remarkable electrical
properties, including a density of 4.58 g/cm®, a piezoelectric constant (d33) of 238 pC/N, a remanent polarization of (P,)
of 15.4 pC/cm? and a high Curie temperature (7) of nearly 310 °C at x=0.03. These properties are attributed to the
establishment of a new rhombohedral (R)—tetragonal (7)) phase boundary with microstructures characterized by high den-
sity, large grain size, and low porosity. Furthermore, KNLNS—-xBKH ceramics with x=0.05 exhibited a high recoverable
energy density (W,,, = 0.26 J/cm®) and a large energy storage efficiency (17=56.8%) under a low electric field of 20 kV/
cm, representing a significant advancement towards the development of practical applications.
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1 Introduction

The Pb(Zr, Ti)O; (PZT)-based materials exhibit outstanding
piezoelectric properties at the morphological phase bound-
ary (MPB), which have been extensively demonstrated in
a wide range of applications such as sensors, transducers,
electronic devices, actuators, high power ultrasound, and

>4 Le Dai Vuong
ldvuong@hueuni.edu.vn

School of Engineering and Technology, Hue University, Hue
City, Vietnam

University of Sciences, Hue University, Hue City, Viet Nam
3 Van Lang University, Ho Chi Minh City, Vietnam

Hue Industrial College, Hue City, Vietnam

Phu Xuan University, Hue City, Vietnam

National Cheng Kung University, Tainan 70101, Taiwan

Published online: 07 February 2026

piezoelectric transformers [1-3]. Consequenty, PZT-based
materials have dominated the global piezoelectric materi-
als market for several decades. Nevertheless, the high lead
content, exceeding 60 wt% in PZT-based materials, poses
serious risks to the environment and human health. This
concern has driven increasing reseach efforts toward the
development of lead-free ceramics, such as BaTiO;, (Bi,
Na)TiO;, and (K, Na)NbO; based systems [4, 5].

Among them, (K, Na)NbO, (KNN) based ceramics, com-
posed of ferroelectric KNbO; and antiferroelectric NaNbO;,
have garnered significant interest from several materials sci-
entists. Notably, these ceramics are considered one of the
most promising candidates to replace PZT-based ceramics,
which are harmful to the environment and human health [6—
8]. Additionally, the electrical properties of KNN ceramics
can be substantially improved, achieving high piezoelectric
performance upon the establishment of a new phase bound-
ary. Specifically, the design of a new phase boundary has
emerged as the most extensively studied theme in lead-free
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(K, Na)NbO;-based ceramics, which is widely regarded as
an effective strategy for performance modification [4, 9].

A novel strategy has been established to form a new
rhombohedral (R)-tetragonal (7) phase boundary in (K,
Na)NbO; ceramics. This approach is generally regarded
as including polymorphic phase boundary (PPT) through
the process of single doping (such as Sb°*, Ta’", Li*,
Mn*") in KNN ceramics, which is analogous to the mor-
phological phase boundary (MPB) observed in PZT
ceramics. Moreover, the co-doping of Li* and Sb>" ions
into (K, Na)NbO; ceramics leads has been demonstrated
to shift the PPT to lower temperature compared with pris-
tine KNN ceramics, thereby significantly enhacing the
piezoelectric properties, in agreement with the results
reported by Tu et al. [10, 11]. Notably, adding an ABO;-
type component (such as Bijs(Na,K,_,)ZrO;, (Bij 5K, s)
HfO;, (Bi, sNa, s)HfO;, CaZrO;, BaZrO;, and BaTiO;) to
the KNN-based ceramics tune the rhombohedral—ortho-
rhombic transition temperature (7y_g) and orthorhom-
bic—tetragonal transition temperature (7, ) to room
temperature simultaneously, thereby improving their
piezoelectric properties [12, 13]. It has been reported that
various chemical ABO;-type substitutions into (K, Na)
NbO; or (K, Na)(Nb, Sb)O; can decrease the O— T phase
transition temperature (7 1), enhance the R—O phase
transition temperature (7_g), and thus limit the tempera-
ture range of the orthorhombic phase [14, 15]. Accord-
ing to Zhang et al. [14], 0.955(K 4sNa 55)(Nbg 96Sbg 04)
05— 0.045(Bi, 5oNa, 50)HfO; ceramics exhibited excellent
piezoelectric properties (d;;=540 pC/N) owing to the
coexistence of the rhombohedral-orthorhombic—tetrago-
nal (R—O-T) phase at room temperature. As reported
by Tao et al. [16], 0.965K4sNajssNbgosSbg 04O5-
0.035Bi, sNa, sHfO5 ceramics at the R-T phase boundary
exhibited a large d5; value of 418 pC/N, a high k;, of 0.45,
and a T of 242 °C. Furthermore, Chen et al. [17] reported
that  (1-x)(Kg 45Nag 45119 04)Nbg 95Sbg 9s03-x(Biy sNay 5)
HfO; ceramics with compositions near the orthorhombic—
tetragonal phase boundary (x=0.005) exhibited maximum
values of the piezoelectric constant d3; and planar and
thickness electromechanical coupling coefficients (k, and
k) of 246 pC/N, 0.435, and 0.554, respectively.

However, to our knowledge, the Bi,sK,;HfO; (BKH)
component has been used less often than (Bi s,Na, 5,)HfO,
for establishing phase boundaries for KNN-based ceramics.
This is attributed to the highly hygroscopic nature of the ele-
ment K. Consequently, the enhancement of K in the KNN-
based ceramics is often less emphasized than that of Na.
On the other hand, recent studies have demonstrated that
the ratio of K is less than Na in the KNN-based ceramics
[10, 11]. Interestingly, Liu et al. [18] have confirmed that
Bi, 5K sHfO; is beneficial and can significantly improve
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the piezoelectric properties of KNN-based ceramics through
appropriate composition design. Furthermore, the co-dop-
ing of Bi**, K, and Hf*" ions in KNN-based ceramics is
expected to play a crucial role in improving the sintering
temperature, microstructure, and energy storage perfor-
mance of (K, Na)(Nb, Sb)O, ceramics, which aligns with
the findings of Tao et al. [16]. This study presents a new
phase boundary in (1-x)KNLNS-xBKH ternary ceramics.
This work aims to comprehensively investigate the effect
of BKH content on the physical properties of BKH-doped
(K 48Nay 4511 04)(Nbg 95Sby 05)O5 ceramics, determine the
optimal BKH content, and explain the formation of new
phase boundaries to improve the electrical properties of
KNLNS-based materials.

2 Experimental

In this study, the (1-x)(Ky45Nag 45Li0,04)(ND 95Sbg 05)O03—
xBi, 5K, sHfO; (KNLNS—xBKH, x=0, 0.01, 0.02, 0.03,
0.04, and 0.05) ceramics were fabricated using a two-step
sintering method. The starting materials in this stage include
Na,CO;, K,CO;, Li,CO;, Nb,Os, Sb,05, Bi,05, and HfO,,
with purity>99.5%. This mixture was milled together for
20 h using a planetary ball mill in ethanol. Subsequently, the
mixture was dried and calcined at 850 °C for 2 h to form the
compound KNLNS-BKH. The mixed KNLNS-BKH pow-
ders were ball-milled again for 20 h, dried, and pressed into
disks with a thickness of 1.5 mm and a diameter of 12 mm
under 1 T/cm? to form green samples. The two-step sinter-
ing process of KNLNS-BKH samples was conducted as
follows. Starting from room temperature (R7), the samples
were heated to 1150 °C at a heating rate of 5 °C/min and
maintained at 1150 °C for 5 min. Subsequently, the tem-
parature was reduced to a lower temperature at 7,=1050 °C
at a heating rate of 20 °C/min and maintained for 4 h to form
BKH-doped KNLNS ceramics. Finally, the samples were
cooled to RT a heating rate of 5 °C/min, thereby completing
the ceramic sintering process.

The crystal structures and surface morphologies of the
samples were examined using X-ray diffraction (XRD)
and scanning electron microscopy (SEM), respectively.
The density of samples was measured using the Archime-
des’ method. The ferroelectric properties of ceramics were
examined using the Sawyer-Tower method. The capaci-
tance and dielectric loss of the KNLNS-BKH samples
were measured using an impedance analyzer (RLC HIOKI
3532) over a temperature range of 25—400 °C. Finally, the
samples were poled in a silicone oil bath at various tem-
peratures (25, 35, 45, 55, and 65 °C) under applied electric
field of 25, 30, and 35 kV/cm for 25 min to measure their
piezoelectric properties.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Electroceramics

3 Results and discussion

Figure 1(a) presents the major findings of the XRD analysis
of KNLNS-BKH ceramics within the 26 range of 20-70°.
The as-synthesized KNLNS-BKH ceramics mainly exhib-
ited a perovskite structure, and no other impurities were
observed at lower x contents (0<x < 0.04). Nevertheless,
secondary phase peaks are observed when x>0.04, which
is attributed to the influence of excess BKH contents, con-
sistent with the study reported by Chen et al. [19]. It is well
established that the phase structure significantly influences
the electrical properties of materials. To systematically
examine the changes in phase structure, the XRD pattern
of the (1-x)KNLNS—xBKH phase structure with varying x
contents (x=0.0, 0.01, 0.02, 0.03, 0.04, and 0.05) within the
20 range of 44-47° was fitted using the Lorentz function to
represent the mixture of characteristic peaks of the O, R,
or T phases. As displayed in Fig. 1(b), the KNLNS-BKH
ceramics with x=0 exhibit an orthorhombic structure with
the splitting between the two diffraction peaks of (022),
and (200), at 45.2° and 45.8°, respectively. As shown in
Fig. 1(c), upon the addition of BKH at x=0.01, the two split
peaks gradually transform into (022)q at 45.2° (with low

relative intensity) and the (200); peak (with high relative
intensity), which are characteristic peaks of the tetragonal
phase. In particular, the coexistence of orthorhombic and
tetragonal phases was noted at x=0.01. As illustrated in
Fig. 1(d-e), the orthorhombic phase disappears as the BKH
content increases from x=0.02 to 0.04, while the tetragonal
phase becomes dominant. Notably, the rhombohedral phase
appeared at x=0.04-0.05 with a further increase in the
BKH content, representing the characteristic (200); peaks
(Fig. 1(f-g)). Thus, the coexistence of tetragonal and rhom-
bohedral phases occurred at x=0.03-0.04, consequently
improving their piezoelectric properties. This result is con-
sistent with the findings reported by Liu et al. [18].

To further elucidate the phase transition, the XRD pat-
terns of (1-x)KNLNS—xBKH ceramics were analyzed
using Rietveld refinement (Fig. 1(h)), with the correspond-
ing refinement parameters summaried in Table 1. Rietveld
refinements of (1-x)KNLNS—-xBKH ceramics were per-
formed fod compistions wth x=0.00, 0.01, 0.02, 0.03, 0.04,
and 0.05 using mixed-phase models containing the Amm?2
(orthorhombic), P4mm (tetragonal), and R3m (Rhombohe-
dral) space groups. The fitting results for peak shape and
peak position, structure, and background calculated in
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Fig. 1 XRD patterns of the (1-x)KNNS-xBKH ceramics in the 26 range of (a) 20-70°;(b-g) 44—47°: (b) x = 0.0, (¢) x = 0.01, (d) x = 0.03, (e) x =
0.0, (f) x =0.04, (g) x =0.05; (h) Rietveld-refined XRD patterns of samples at x = 0.03
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Table 1 Lattice parameters and refinement parameters of the ((1-x)KNNS-xBKH ceramics obtained from the XRD Rietveld refinement

Sample Space group a(A) b(A) c(A) \Y Phase fraction (%) Ry, (%) R, (%)
(A
x=0.00 Amm?2 3.9840 5.6467 4.0170 90.3750 100 8.79 7.49
x=0.01 Amm?2 3.9827 5.6423 4.0140 90.2010 44.44 7.91 7.72
Pdmm 3.9946 3.9946 3.9920 63.7000 55.56
x=0.02 Amm2 3.9813 5.6380 4.0107 90.0260 24.49 7.97 8.05
Pdmm 3.9895 3.9895 3.9948 63.5820 75.51
x=0.03 P4dmm 3.9830 3.9830 3.9860 63.2350 53.85 8.1 8.14
R3m 3.9800 3.9800 4.0210 55.1610 46.15
x=0.04 Pdmm 3.9779 3.9779 3.9903 63.1410 37.14 8.2 8.18
R3m 3.9760 3.9760 4.0180 55.0090 62.86
x=0.05 R3m 3.9720 3.9720 4.0150 54.8570 100 8.16 8.12
Fig. 2 Raman spectra of (1-x)
KNLNS-xBKH ceramics with
different x
| (a)]
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terms of profile R, and R, factors in Table 1 confirm the
changes in phase structure with x increasing to form a new
phase boundary. In particular, a rhombohedral-tetragonal
phase (R3m+ P4mm) is observed at x=0.03—-0.04 which is
expeced to enhance the piezoelectric properties, cosistend
with the resultes reported by Huan et al. [20].

From a crystallographic perspective, the structural
change to form a new phase boundary is due to the change
in a, b, and c lattice parameters caused by the co-doping of
Bi** and Hf*' ions in (K, Na, Li)(Nb, Sb)O, ceramics. This
is attributed to the competition between the larger radius of
octahedrally coordinated B-site cations (Hf* (0.72 A)) and
the smaller A-site cation (Bi*" (1.03 A)) in Bij 5K, sHfO;
compared  with  (Kg 4Nag 45119 04)(Nbg 95Sb 95)O;. Here,
the cation radii are as follows: (K*, 1.38 A; Li*, 0.92 A;
Na*, 1.32 A; Nb>", 0.64 A; Sb°*, 0.62 A). In other words,
the structural transformation of the O-phase to the 7T-phase
leads to changes in the lattice parameters of the ceramic
when the Bi K, sHfO; impurity content is below 0.02 mol
(0.0<x<0.02). Notably, an increase in x (0.02<x<0.05)

@ Springer

increases the lattice parameter ¢, thus promoting the trans-
formation of the tetragonal phase (7-phase) to the rhombo-
hedral (200); phase [21].

Figure 2 presents the Raman spectra of (1-x)KNLNS-
xBKH ceramics measured at room temperature, illustrating
the relationship between phase evolution and the role of
BKH addition. Notably, all ceramic samples display three
distinct scattering peaks in the studied frequency range of
50-1000 cm ™. The major Raman shift peaks were located
at around 190 cm™!, 260 cm™!, 580 cm™!, 610 cm™ !, and
860 cm!. These peaks were well fitted to the vibration
modes of F;, (), Fa,(Vs), 1E4(,), Aj4(vy), and Fp (v, +vs),
respectively, indicating the characteristic perovskite struc-
ture of the KNN-based ceramics (Fig. 3). As reported in
previous studies, the Raman shift peaks were located in the
region below 200 cm™', which is associated with the A-site
vibrations in the ABO; (Fig. 2) perovskite structure of the
K*, Na*, Li*, and Bi*" cations and rotational modes of the
BOg octahedra [21-23]. Dwivedi et al. [23] suggested that
the weak bands at 192 cm™ ! in KNN ceramics are assigned

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Electroceramics

l‘lll.l.
\V 4 g

Fig. 3 Microstructure of (1-x)KNLNS-xBKH ceramics with varying x
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Fig.4 Average grain size (a) and density (b) of (1-x)KNLNS-xBKH ceramics with varying x

to the translational modes of K¥, Na* cations relative to
NbOg octahedra. Moreover, as observed in Fig. 4, the peak
positions of the v, and v, modes are the most prominent
modes with relatively strong intensity, representing doubly
degenerate symmetric O—Nb—O stretching vibrations. These
peaks were fitted using a Gaussian function that is sensi-
tive to slight changes in phase transition. Meanwhile, the
vs band originates from the triply degenerate symmetric O—
Nb-O bending vibration of the NbOg4 octahedra in KNN-
based ceramics. Moreover, the peaks tend to shift toward a

lower wave number with increasing BKH content in (1-x)
KNLNS—xBKH ceramics; this observation is similar to that
reported by Chen et al. [19]. This phenomenon is attributed
to the weak distortion of the NbOg octahedron, resulting in
higher structural symmetry; this finding is consistent with
the XRD results and agrees with the report by Chen et al.
[19]. As is well known, the A and B sites in (K 4sNag 4gLij o4)
(Nby 95Sby 05)O5 ceramics are occupied by K* (1.38 A), Li*
(0.92 A), and Na* (1.32 A) at the A site and Nb>" (0.64 A)
and Sb>* (0.62 A) at the B site, respectively. The doping
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of BiysKgsHfO; into (Ko 45Nag 45110 04)(Nbg 95Sb 9503
ceramics with ions of different radii (Bi*", 1.03 A; and Hf*",
0.72 A) causes structural distortion. Furthermore, the dif-
ferent molecular masses lead to a peak shift toward a lower
wave number, resulting in a corresponding variation in
the crystal cell volume, as observed in the XRD pattern of
KNLNS-BKH ceramics. Notably, similar Raman spectral
behavior has been observed in other KNN-based ceramics,
further confirming the existence of a change in the phase
structure symmetry [23].

Figure 3 displays the SEM images of (1-x)KNLNS-
xBKH ceramics, with the grain distribution figures shown
in the insets for x=0.0, 0.01, 0.02, 0.03, 0.04, and 0.05.
As observed in Fig. 4, the grains in all samples exhibit a
well-developed microstructure with clearly defined grain
boundaries. The micrographs reveal that the grain size
increases with increasing x content and reaches a maximum
of approximately 2.36 um at x=0.03 (Fig. 4(d)), and sub-
sequently decreases with further increases in x (Fig. 4(a)).
The phenomenon is attributed to the solubility limit of
(Bio.sNao.s)HfOs into the KNLNS ceramics, similar to the
findings reported by He et al. [24]. This can be explained by
the dissolution of Bi and Hf present in (Bio.sNao.s)HfOs into
the KNLNS crystal lattice. The Hf* ions (0.72 A) enter the
KNLNS crystal lattice and substitute for Nb** (0.64 A) and
Sb5* (0.62 A) ions, while the Bi** ions (1.03 A) substitute for
K* (1.38 A), Li* (0.92 A), or Na* (1.32 A) ions due to their
similar ionic radii. Consequently, the integration of BKH
into the KNLNS ceramics promotes grain growth. facilitates
the filling of small grains between large grains, enhances
the ceramic density (Fig. 4(b)) and further bolsters the
piezoelectric properties. However, the grain size gradually
decreases when the BKH doping contents exceed 0.03 mol.
The grains become highly refined when x>0.04, which is
attributed to the high content of BKH aggregates at the grain
boundary that inhibit grain growth. Moreover, pores appear
in the sample when x>0.03, indicating a deterioration in
ceramic density; this finding agrees with the ceramic den-
sity measurement results (Fig. 4(b)). As shown in Fig. 4(b),
the density of (1-x)KNLNS—xBKH ceramics varies with
the x content sintered at T> = 1050 °C for 4 h. It is observed
that the average ceramic density increases with increas-
ing x content, reaching a maximum value of 4.58 g/cm? at
x=0.03, and then decreases. The increase in ceramic density
is attributed to enhanced crystallization and the formation of
uniformly distributed and closely packed grains. The densi-
fication mechanism results from thermal shrinkage, which
is related to the microstructure of the samples. This implies
that the incorporation of BKH into the KNLNS ceramics
improves the microstructure of ceramics by filling small
grains between large grains, thereby enhancing the ceramic
density as discussed above. Typically, the ceramic density

@ Springer

of the KNN-based ceramics ranges from 4.3 to 4.6 g/cm?,
which corresponds to a relative density of 93.3-98.1% of
the theoretical value [4, 22, 23]. According to previous stud-
ies on KNN-based ceramics, the grain shape of the ceram-
ics is square, suggesting that the pores cannot be eliminated
[18, 19, 24]. Compared with these studies, our KNLNS-
BKH ceramics exhibit a significantly improved microstruc-
ture. In other words, the well-developed microstructure with
clearly defined grain boundaries results in small grains that
fill the void between large grains, consequently increasing
the density and improving the electrical properties [24]

Figure 5 presents the EDS spectrum of 0.98KNLNS-
0.02BKH ceramics sintered at 1050 °C for 4 h. As depicted
in Fig. 6, the homogeneous distribution of all elements,
including Na, K, Nb, Sb, Bi, Hf, and O, is consistent with
the theoretical design and confirms the successful diffusion
of Bi and Hf elements into the KNLNS lattice. Addition-
ally, as shown in Fig. 7(a), the elements were evenly distrib-
uted, overlapping the surface of the 0.98KNLNS-0.02BKH
ceramic sample. Moreover, it is demonstrated that the high-
intensity area of the Sb maps covered the low-intensity area
of the Nb map, whereas the high-intensity area of the Bi
covered the low-intensity area of the Hf. As illustrated in
Fig. 7(b-h), the high-intensity areas of the K, Na, and Bi
maps corresponded to those of the Nb, Sb, and Hf, which
filled the pores and created a densely packed microstructure
of 0.98KNLNS-0.02BKH ceramic. This is consistent with
studies for KNN-based materials [4, 25]

Fig. 7 illustrates the dependence of the dielectric constant
and dielectric loss of (1-x)KNLNS-xBKH ceramics with
different x, measured at 10 kHz at room temperature. Fig 7
shows that the dielectric constant (¢,) gradually increases
with increasing BKH content and reaches a maximum value
of ,.=1198 at x=0.03 mol. In contrast, the dielectric loss
(tand) decreases to a minimum value of tand=0.04 at the
same composition of x=0.03 mol. A further increase in the
x content leads to a decrease in ¢, and an increase in tand.
These results indicate that the sample containing 0.03 mol
BKH exhibits superior dielectric properties compared to the
other samples. According to Ullah et al. [13], the enhance-
ment of dielectric properties is attributed to higher ceramic
density, larger grain size, and improved microstructure. He
et al. [24] suggested that increasing grain size promotes
the switching of domains, resulting in enhanced electrical
properties. In our opinion, the change in phase structure
from orthorhombic to tetragonal to rhombohedral phases
produces different types of domains. Consequently, electri-
cal properties exhibit variation trends under the influence
of domains. In general, the improvement in the electrical
properties of ceramics is attributed to the grain size and
phase boundary effects [22]. Thus, the values of ¢, and tand
can be well enhanced when the BKH complex content is
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Fig.5 EDS analysis of 0.98)

KNLNS-0.02BKH ceramic
sample

Intensity (a.u)

0 1

incorporated into KNLNS ceramics. It is noted that the
electrical properties of KNLNS-based ceramics are highly
sensitive to preparation conditions, similar to the report of
Tao et al. [16].

As shown in Fig. 8(a), the dielectric constant and dielec-
tric loss of (1-x)KNLNS-xBKH ceramics at varying tem-
peratures (25-400 °C) were measured at 10 kHz to observe
the dependence of dielectric properties on temperature.
Furthermore, the (¢-7) curves of the (1-x)KNLNS-xBKH
ceramics in the range of x=0-0.05 exhibit two clear peaks
above room temperature: the first one at low temperatures,
corresponding to the O-T phase transition temperature (7,
), and the second one at higher temperatures, corresponding
to the T phase to cubic phase transition temperature (7).
Figure 8(b) demonstrates this trend on the dielectric loss
curve. It is noteworthy that when the value of x increases to
0.04, the ceramics continue to maintain a relatively high Tt
(>300 °C), which can be applied in high-temperature envi-
ronments. As depicted in Fig. 8(a), both T, 1 and T shifted
towards the lower temperature side, and a broadening of
these transitions is observed with increasing BKH content,
which is attributed to the difference in the ionic radius of
Bi** and Hf*" ions with the host ions. The ionic radius of Bi**
(1.03 A) is comparable to those of K* (1.38 A), Li* (0.92
A), or Na* (1.32 A) ions, whereas that of Hf* (0.72 A) ions
is similar to those of Nb** (0.64 A) and Sb** (0.62 A) jons.
It is believed that the substitution of the [Bij K, s]*" spe-
cies decreased T,_r, whereas Hf*" ions increased the Ty_
corresponding to the KNLNS-BKH ceramics, so the coex-
istence of O—T, R—O—T, and R—T phases was observed
near room temperature, similar to the report of Liu et al.

Sb Hf Bi

2 3 4 5 6 7 8 9 10

Energy (KeV)

[18]. According to the research results of Liu et al. [18]
for  (Biy sNay 5)HfO;-doped (K 4Nag ¢)(Nb 96Sbg 04)O3
ceramics, the 7 and T, ; decrease with increasing BKH
content, whereas the Ty_g rises, resulting in 7 and Ty_g
achieving a merger at the BKH content of 0.035 mol. This
behavior stems from the high temperature-sensitive nature
of pure KNN ceramics in the range of -150 to 420 °C,
including rhombohedral-orthorhombic phase transition
(Tx_o ~125 °C), orthorhombic-tetragonal phase transition
(To_t ~200 °C), and tetragonal-cubic phase transition at (7
~420 °C) [18, 26].

In the present study, the BKH dopant is effective in
reducing the T, 1 temperature to near room temperature. As
reported by Liu et al., the Ty 1 values of the (1-x)KNLNS-
xBKH (x=0.0, 0.01, 0.02, 0.03, 0.04, and 0.05) ceramics
were in the range of 7040 °C (Fig. 8(c)) [18]. As shown
in Fig. 8(c), the ¢, values at T increased with the BKH
content, reaching a maximum value of 6328 for x=0.03, fol-
lowed by a subsequent decrease. These results indicate that
the dielectric properties of the sample containing 0.03 mol
BKH are superior to those of the other samples. This is
attributed to the high ceramic density and the larger grain
size, which facilitate easier domain orientation and lead to
an increased ¢,,,, value. Furthermore, the change in phase
structure from orthorhombic to tetragonal to rhombohe-
dral phases produces different types of domains, resulting
in improved dielectric properties of ceramics as discussed
above. However, as presented in Figs. 7 and 8, the dielectric
properties tend to decrease when the BKH content increases
beyond 0.03 mol. This phenomenon arises from the solubil-
ity limit of Bi** and Hf*" ions within the KNLNS matrix.
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Fig. 6 Element mappings of 0.98KNLNS-0.02BKH ceramic sample: O, K, Na, Nb,Sb, Hf and Bi

These results can be attributed to the effect of the R-T phase
boundary when the BKH content increases beyond 0.03 mol.
Besides, the decrease in ceramic grain size and irregular
microstructure at high BKH contents is also responsible for
the reduction in electrical properties of the materials.

To examine the influence of BKH contents on relaxor
behavior in the (1-x)KNLNS-xBKH material, the diffusivity
values (y) were evaluated by plotting In(1/e — 1/¢,,,) versus
In(7-T,,)) at 10 kHz, as presented in Fig. 8(d). Notably, these
v values vary with different x content for ceramic samples.
The vy value increases from 1.38 to 1.53 as the BKH con-
tents rise from x to 0.04 and subsequently decreases to 1.48
with further increases up to x=0.05. This is due to the larger
ionic radius of Hf* (0.72 A) compared with Nb%* (0.64 A)
and Sb** (0.62 A), which increases the disorder in the lattice
structure. According to Li et al. [21], the diffuse phase transi-
tion behavior is attributed to increased lattice distortion and
the formation of polar nanometer-sized regions caused by
Bi, 5K, sHfO;. These features are beneficial for enhancing

@ Springer

their piezoelectric properties and will be discussed in the
next section. However, Fig. 8(d) shows the value of y in the
range of 1.38-1.53, suggesting a comparatively low degree
of relaxation. This indicates that the addition of BKH does
not cause serious phase segregation within the studied com-
position in the range of 0—0.05 mol, consistent with the find-
ings of reference [18].

Figure 9(a-c) presents polarization versus tempera-
ture, under different electric fields for ds; and k, values
of the 0.98KILNS-0.02BKH sample to optimally exploit
the role of polarization conditions. As shown in Fig. 9(a-
¢), the 0.98KNLNS-0.02BKH ceramic exhibited the best
piezoelectric properties with ¢33=232 pC/N and k, = 0.39
at the polarization temperature of 45 °C, in accordance
with the O—T phase transition temperature. This result
indicates that the 0.98KNLNS-0.02BKH ceramic exhib-
its polymorphic phase transition behavior [8, 27], with
the coexistence of the 7 and O phases at ~ 45 °C, which
enhances the piezoelectric properties, in accordance with

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 7 Dielectric constant and

dielectric loss of (1-x)KNLNS-
xBKH ceramics with varying x.
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the results of the dielectric properties study mentioned
above. Based on these observations, the polarization con-
ditions of the (1-x)KNLNS-xBKH ceramic samples were
selected as 35 kV/cm at 45 °C for 25 min. The piezoelectric
parameters, including kp, k,, and d;, were measured as a
function of compistion x, as shown in Fig. 9(d). It is noted
that &, k;, and ds; exhibit an increasing trend with increas-
ing BKH content, reaching their respective maximum
values at x=0.03 with k, = 0.41, k, = 0.45, and d;;=2338
pC/N. The significant improvement in the piezoelectric
properties of ceramics is attributed to the formation of
new phase boundaries, as discussed above. At x=0.03,
the composition is situated near the R-T phase boundary,
which provides more possible directions of spontaneous
polarization of the domains, facilitating easier polariza-
tion, as reported by Liu et al. [18]. These authors sug-
gest that compared with other phase boundaries, such as
the R-O phase boundary, the R-T phase boundary gener-
ally exerts a stronger enhancing effect on the piezoelec-
tric responses [18]. We propose that the improvement
in piezoelectric properties results from microstructural
refinement with large grain size, small grain boundaries,
high ceramic density, and phase boundary effects. In other
words, the increased grain size promotes the switching
of domains, resulting in enhanced piezoelectric proper-
ties, similar to those reported by He et al. [24]. Hence,
the piezoelectric properties of (1-x)KNLNS-xBKH reach
their maximum at x=0.03, corresponding to the R-T phase
boundary, where the highest density, the most uniform
grain size, and the tightest grain bonding facilitate easier

domain reorientation and significantly promote domain
wall motion.

As plotted in Fig. 10(a), the ferroelectric properties of
the (1-x)KNLNS-xBKH ceramics with varying x were
determined from their ferroelectric hysteresis loops mea-
sured using the Sawyer-Tower method. Notably, a typi-
cal and well-saturated ferroelectric hysteresis loop was
observed at a low electric field of nearly 20 kV/cm for the
(1-x)KNLNS-xBKH ceramics with x=0.0, 0.01, 0.02, 0.03,
0.04, and 0.05. Furthermore, the squareness of the hystere-
sis loop (Ry,) of (1-x)KNLNS-xBKH ceramics with x=0.0,
0.01, 0.02, 0.03, 0.04, and 0.05 initially increased slightly
from 0.91 to 0.95 as x increased from O to 0.03 and then
decreased sharply as x continued to increase (Fig. 10(b)).
The qu values were 1.90,1.91,1.92,1.95,1.46, and 1.28 for
BKH contents of 0.0, 0.01, 0.02, 0.03, 0.04, and 0.05 mol,
respectively, which were consistent with the results of the
diffusion phase transition behavior of materials discussed
earlier. As shown in Fig. 10(b), the remanent polarization
(P,) and coercive field (£,) were determined from the hys-
teresis loops of the samples.

Figure 10(b) shows the dependence of P, and E, on x
content in (1-x)KNLNS-xBKH ceramics. Notably, the P,
value displays composition dependence. It initially rises and
reaches maximum values at x=0.03, a composition near the
R-T phase boundary, with P, = 15.4 nC/cm?, then decreases
with further increases in the BKH content. Meanwhile, the
coercive field (£,) of the samples tends to decrease with
increasing x. The increase in the values of P, is attributed to
the rise in BKH content, leading to a change in the crystal
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Fig. 8 The dependence of dielectric properties on temperature of (1-x)KNLNS-xBKH ceramics

structure to form the new phase boundary in the ceramics,
and consequently enhances the likelihood of polarization. It
is well known that increasing the substitution of Bi** and Hf**
ions into (K, Na)(Nb, Sb)O; leads to a continuous decrease
in T and T, 1, whereas the T;;_q gradually increases to room
temperature. This results in a gradual shrinkage of the ortho-
rhombic phase region, causing T 1 and T_ to merge at
x=0.03. Consequently, this forms an R-T phase boundary
that improves their ferroelectric properties, consistent with
the report of Liu et al. [18]. However, further increasing the
BKH content to 0.04 mol led to a reduction in the ferroelec-
tric properties of the ceramics, which is attributed to Bi*"
and Hf*" ions exceeding the solubility limit in the (K, Na)
(Nb, Sb)O; matrix. This can be explained by the fact that
the coexistence of the R, O, and T phases leads to a lower
energy barrier in the ceramics at the phase boundary region,
facilitating easier polarization rotation. This enhances their
ferroelectric properties, resulting in a high P, and low E,.

@ Springer

Nevertheless, these values decrease as the (1-x)KNLNS-
xBKH component moves away from the phase boundary.

Recently, energy storage properties have received con-
siderable research attention, particularly in thin-film ferro-
electric materials [7, 28]. In this study, we calculated the
parameters related to the energy storage properties of bulk
(1-x)KNLNS-xBKH (x=0.0, 0.01, 0.02, 0.03, 0.04, and
0.05) ceramic materials, including the recoverable energy
storage density (W, the model in the inset of Fig. 11(a))
and the energy storage efficiency (7), using Egs. 1 and 2,
respectively.

Prax
Wree :/ Edp (l)
P,
Wrec
- ree 2
K Wrec + Wloss ( )
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The results are plotted in Fig. 11(b). As observed in
Fig. 11(b), both W, and 5 decreased slightly as the BKH
content increased from 0 to 0.03 mol, and then increased
significantly, reaching maximum values of 0.26 J/cm?® and
56.8%, respectively, at x=0.05. As shown in Fig. 11(b),
the improvement in energy storage density depends on the
difference between the high polarization saturation (Py)
and low remnant polarization (P,) (AP=P, - P,). In other
words, P, increases when the BKH content is between 0.0
and 0.03 mol, leading to a decrease in AP, thereby reducing
W... and . Nevertheless, AP increases when x increases to
0.04 and 0.05, leading to an increase in the W, and 5 val-
ues, as shown in Fig. 11(b). Additionally, the improvement
in energy storage properties is attributed to the enhance-
ment of ceramic relaxation properties, as suggested by pre-
vious studies [4, 16], which is consistent with the results
of the diffusivity values (y) shown in Fig. 8(d). Overall,
a high energy storage efficiency (1) of 56.8% is achieved
for KNLNS—-BKH ceramics at x=0.05 under a low electric
field of 20 kV/cm, broadening their potential applications,
including dielectric, ferroelectric, piezoelectric, and energy
storage properties.

4 Conclusion

In conclusion, the (1-x)(K 4gNag 4gLig 04)(Nbg 95Sbg 45)O5
—xBi, K, sHfO; (x=0.0, 0.01, 0.02, 0.03, 0.04, and 0.05)
ternary ceramics were examined in this study by varying
the Bi, sK, sHfO; component to develop a novel composi-
tion material using a two-step sintering method. Herein,
the phase boundaries (O-T and R-T) were successfully

@ Springer

formed by adjusting the Bi, K, sHfO; content in the range
of 0-0.05 mol, and the enhanced electrical properties
were subsequently achieved at the optimal composition.
Atx=0.03, the 0.97KNLNS-0.03BKH ceramics exhibited
good electrical properties (density=4.58 g/cm?; £, =1198;
Emax— 0328; k, = 0.40; k, = 0.45; d33=238 pC/N; and P,
= 15.4 puC/cm?). Furthermore, the dielectric relaxation
behavior of (1-x)KNLNS-xBKH ceramics was investi-
gated for different x contents, achieving a high Curie tem-
perature (7- = 310 °C) and a low orthorhombic-tetragonal
phase transition (7ot = 40 °C) at x=0.03. Specifically,
the ceramics with x=0.05 demonstrated a high recover-
able energy density (W,.. = 0.26 J/cm®) and a large energy
storage efficiency (7=56.8%) under a low electric field of
20 kV/cm, demonstrating significant potential for the prac-
tical applications of KNLNS—-BKH ceramics.
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